Of the various phases of transition alumina, iota-alumina (ι-Al 2 O 3 ) is the least well known. It is considered to be the end member of the mullite series in the limit of zero Si content. The structural details of ι-Al 2 O 3 are not available and its physical properties are totally unknown.
Introduction
The iota phase of alumina (ι-Al 2 O 3 ) came to light more than fifty years ago when Foster [1] found the x-ray patterns of rapidly quenched cryolite-alumina melts to be similar to those of a known mullite phase. It was later recorded as the ι-Al 2 O 3 in the powder diffraction file. When this new phase was heated it converted to one of the transition alumina η-Al [7] .
In spite of these previous efforts, the structural details of ι-Al 2 O 3 are not available and its physical properties are totally unknown. The first step to understand the structure of ι-Al 2 O 3 is to understand the structural details of aluminosilicates, or the mullite series [8] . In general, can be realized by successive replacement of Si by Al followed by the removal of O atoms to maintain charge balance, which creates vacancies in the structure. This process makes the structure more and more complex and disordered. The removal of O atoms introduces vacancies in the structure and the readjustment of bonds makes the tetrahedral Al/Si alignment along the crystallographic c-axis distorted. When x = 1, the solid solution series leads to a silica free phase, or ι-Al 2 O 3 . This could be argued as being a process in which the alumina content in mullite is increased to its maximum and, once reached, this silica free phase should still possess structural signatures of mullite phases.
Despite the multiple points of evidence of its existence, ι-Al 2 O 3 is the least understood phase of alumina. We are not aware of any experimental or theoretical works on ι-Al 2 O 3 that have elucidated its physical properties other than the refractive index and density listed in reference 2.
In this paper, we report a comprehensive study of ι-Al 2 O 3 based on a theoretically constructed model. In the following section, we discuss the detailed process of constructing a viable structural model for ι-Al 2 O 3 along with the methods used in the simulations. In section 3, we present detailed results and discussions. These results include total energy, elastic, phonon and thermodynamic calculations together with electronic structure and bonding analysis as well as spectroscopic properties. In the last section we present the summary and some conclusions. should be close to the mullite phase with high alumina content but with all Si atoms replaced by Al along with the removal of some oxygen to make it stoichiometric. This process results in a more disordered structure. We start with the experimental structural data [9] of a high alumina mullite phase (x = 0.826) which are presented in Table 1 . In Table 1 , the site labeled as Al is fully occupied and is octahedrally coordinated. All of the other Al and Si cation sites are tetrahedrally coordinated and are partially occupied. For the O sites, Oab and Od are fully occupied whereas Oc which bonds only with tetrahedral Al and Si sites is partially occupied. The sites labeled as AlT and SiT are geometrically equivalent sites, and therefor there are only 4 non-equivalent cation sites. To convert the mullite structure (Table 1 ) into an initial model for ι- (Table 2 ) with correct stoichiometry, we replaced or relabeled Al as Al1, (AlT, SiT) as Al2, and (Al*, Al**) as Al3 with combined occupancy. We also relabeled the three oxygen sites Oab, Oc, and Od as O1, O2, and O3 with some changes to the occupancy as described next.
When Al replaces Si, the structure becomes non-stoichiometric and it is necessary to remove an appropriate number of O atoms to make it stoichiometric. In the mullite phases when alumina content increases, certain O atoms are removed. It is observed that the removed O (Oc) is the one which bridges AlT and SiT [8] sites. Following the same pattern, the removal of O atoms can be realized by changing the occupancy of the O2 site. For this reason, the occupancy of the O2 site is reduced to 0.25 from 0.294. In this representation, the initial ideal structure for ι-Al 2 O 3 has 15 atoms in the unit cell with an orthorhombic lattice of space group PBAM. The atomic coordinates are listed in Table 2 .
The ideal structural data of ι-Al 2 O 3 presented in Table 2 cannot yet be used for theoretical calculations due to the use of partial occupation notation for certain sites. To overcome this difficulty, we generated a large 2x2x4 supercell of the initial model and a deleted certain number of atoms at the appropriate sites to account for the partial occupancy. There are many different possibilities for generating a supercell model in this manner. We made 20 such models with different configurations of tetrahedral Al and O2 sites. All the 20 models were then fully relaxed using VASP (to be described below) and the model with the lowest total energy was taken as the representative model for the structure of ι-Al 2 O 3 .
Methods of simulation
We have used two ab initio methods to study the structure and properties of ι-Al 2 O 3 , the Vienna ab-initio simulation package (VASP) [10] [11] [12] and the orthogonalized linear combination of atomic orbitals (OLCAO) [13] method. VASP is a plane wave based method based on density functional theory (DFT). It is highly accurate and efficient for atomic relaxation and geometry optimization. For the present study, VASP is used for the relaxation of structures, as well as force and stress related calculations. We used projector augmented wave (PAW) potentials [14, 15] as supplied in the VASP distribution package. A high cutoff energy of 700 eV, a relatively high accuracy for the ground state electronic convergence limit (10 -7 eV) and a small tolerance for the ionic relaxation convergence (10 -5 eV) were implemented. Because the supercell model of ι-Al 2 O 3 is large, we used only the Γ point of the Brillouin zone (BZ) in our calculations. On the other hand, OLCAO uses atomic orbitals as the basis set and is very efficient and versatile for electronic and spectroscopic calculations. In fact, the electronic structure and the spectroscopic properties of sillimanite have been previously studied by the OLCAO method [16] . More details about the OLCAO method will be provided later in this section. The combination of these two methods is well suited and successfully demonstrated in many recent applications [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Structural analysis
The relaxed supercell model of ι-Al 2 O 3 has 240 atoms and is shown in After full relaxation, the structure lost the distinct site labeling that was presented in Table 2 3 ) is due to the O vacancy, which is a structural feature of mullite frame.
X-ray diffraction pattern
Construction of the ι-Al 2 O 3 model is based on the idea that the pattern of evolution of high alumina content in mullite phases is somehow followed up to ι-Al 2 O 3 . A large supercell of 240 atoms provides an ample space for adjustment and reconstruction of atomic configuration in the structure. We believe, after full relaxation, that this supercell model of ι-Al 2 O 3 is reliable and represents the true phase claimed to be a silicon-free mullite-like phase of alumina. For further confirmation of the correctness of the model, we simulated the XRD pattern of the 6 fully relaxed supercell models with lowest total energy using the powdercell program [30] . Fig. 3 shows the calculated XRD pattern as compared to two measured patterns that are labeled as are a few small peaks that are not shown in the experiment. It is likely that this is due to the finite size of the supercell and a few of them were used for the XRD spectral calculation.
Results and Discussions

Total Energy and density
Of the various phases of transition alumina, iota-alumina (ι-Al 2 O 3 ) is the least well known due to its elusive history. Transition alumina are the complex intermediate phases (β, γ, η, θ, κ, χ etc.)
that occur in the processing of alumina from raw materials, eventually reaching the thermodynamically most stable phase, α-Al 2 O 3 [31] . They generally have lower density, higher total energy, and more complex structures. In Fig. 4 Thus, ι-Al 2 O 3 can be an ultra-low density transition alumina preceding γ-Al 2 O 3 which is also a highly disordered phase [19] . The calculated density of ι-Al 2 O 3 is slightly smaller than the measured value of 3000 kg/m 3 quoted by Saafeld [2] using the suspension method in a liquid of known density. The discrepancy can be easily explained by the presence of some Si and maybe other impurities in the measured sample.
Elastic properties
We used a strain-stress analysis scheme [32] to obtain the elastic coefficients of ι-Al 2 O 3 . In this scheme, a small strain of -1.0% (compression) and +1.0% (stretching) is applied to the equilibrium structure in each independent strain element of the model. Then the strained structure is optimized by using VASP while keeping the cell volume and shape fixed. The six components of the stress data (σ i ) (xx, yy, zz, yz, zx, xy) are calculated for each applied strain (ε j ). From the set of strain and stress data, the elastic tensor C ij is obtained by solving the following equation:
The bulk modulus (K), shear modulus (G), Young's modulus (E), and Poisson's ratio (η) are obtained from C ij using the Voigt-Reuss-Hill approximation [33] [34] [35] . These calculated values are presented in Table 4 together with those of α-Al 2 O 3 and γ-Al 2 O 3 which were calculated in a similar manner [19] . However, in ι-Al 2 O 3 , it appears to carry the characteristics of the mullite phases because C 33 is larger than C 11 and C 22 . This is related to the fact that the Al octahedral and tetrahedral units are aligned along the c-axis of the current model reinforcing stiffness in that direction. The stiffness is reduced compared to the mullite structure though because the Al tetrahedral units are highly disordered.
Phonon dispersion
Phonon dispersion is the fundamental description of the vibrational properties of a crystal or noncrystalline solid. It defines a solid's finite temperature properties and it plays a crucial role in numerous microscopic and bulk phenomena such as thermodynamic phase transitions, thermal expansion, infrared absorption, Raman scattering, etc. In the present phonon calculation for ι-Al 2 O 3 , we apply a small displacement to each non-equivalent atom in the structure along the three Cartesian directions. The resulting force on each atom in the supercell is used to construct the dynamic matrix. Diagonalization of the dynamic matrix gives the 3N modes (3 acoustic and 3N-3 optical) where N is the number of atoms in the cell. We have neglected the correction for the longitudinal optical (LO) and transverse optical (TO) splitting which is less important in a highly disordered solid such as ι-Al 2 O 3 . Fig. 5 (a) shows the calculated phonon dispersion of ι-Al 2 O 3 in its equilibrium structure along the high symmetry points of the orthorhombic lattice. For clarity we only show the lower and upper parts of the dispersion curves since the middle part is very dense and less informative. The phonon density of states (DOS) and its partial components (Al and O) are shown in Fig. 5 (b) .
There are a few small negative frequency modes near, but not at, the Γ point pointing in the Γ to Σ and Γ to Z directions. Our initial concern was that these were due to insufficient k-point sampling. However, these could also be seen as an indication of the metastable nature of the ι-Al 2 O 3 model and could be the result of defective centers in the structure. This is also manifested in the very broad feature of the vibrational DOS shown in Fig. 5(b) . In the lower frequency region, the Al and O atoms contribute almost equally to the vibrational DOS whereas in the higher frequency region, the vibrations that are related to the lighter O atoms tend to dominate.
Compared to similar calculations done on γ-Al 2 O 3 ( Fig.3 of ref. 19) , the phonon DOS features of 
In equations (3) and (4), ω i (V, q ) is the i th branch phonon frequency at wave vector q for volume V. Using the temperature dependent Helmholtz free energy at constant volume, 0 at 7 different volumes, we fit the data between and V with a fourth order polynomial. The pressure P(V, T) at any given temperature is extracted from the fitted data using
P(V, T) = -(∂F/∂V). From the set of F(V, T) and P(V, T) data, we can calculate the G(P,T) (Gibb's free energy) according to the equation G(P, T) = F(V, T) + PV. Once we have G(P, T), F(V, T), S(V, T), and P(V, T)
calculated, all other thermodynamic variables can be obtained using the standard thermodynamic relations. Fig. 7 (b) . At P = 0 and T = 295 K, B = 122 GPa which is considerably smaller than the 140.8 GPa (Table 4 ) calculated using the stress vs. strain technique at T = 0. This quite large difference indicates a rapid increase in the softness of the structure as the temperature increases. As the P increases, B also increases and it reaches its maximum at a hydrostatic pressure of 7 GPa. Beyond 7 GPa, B starts to decrease. This behavior indicates that ι- relatively more stable at high temperature and at low pressure, a fact that has implications in the processing conditions involving ι-Al 2 O 3 . Fig. 8 (b) shows the difference in G(P,T) between γ- 
Electronic Structure
We now shift our discussion to the electronic structure of ι-Al 2 O 3 based on the supercell model described above and using a different ab initio method, the all-electron OLCAO method. One of the many versatile features of OLCAO method is the use of different basis sets for diffrent purposes. For band structure and density of states (DOS) calculations, we used a full basis which consists of occupied and unoccupied orbitals of Al (1s, 2s, 2p, 3s, 3p, 4s, 4p, 4d, 5s, 5d) and O (1s, 2s, 2p, 3s, 3p, 4s, 4p) atomic orbitals. The core orbitals (listed in bold) are later orthogonalized against the non-core orbitals. The full basis is sufficiently large to obtain accurate ground sate electronic structures for any crystal. Fig. 9 shows the calculated band structure of ι- orbitals especially in the lower energy region. These features will greatly affect the core-level spectra of the Al-K, Al-L, and O-K XANES spectra to be discussed in the later section.
Effective charge
Another simple yet very effective application of the OLCAO method is the calculation of the effective charge Q* on each atom based on the Mullikan scheme [38] . Q* is the effective charge (in units of electrons) on each atom and it provides information on the nature of the bonding and charge transfer between atoms of different types. Because the calculation uses the ab initio wave functions, rather than purely geometrical considerations, the Q* value obtained depends also on the local atomic environment and interactions with neighboring atoms. For effective charge calculations we use the minimal basis set because it is more localized so as to be consistent with the assumption used in Mullikan's molecular orbital approach. The Q* are evaluated according to: 
Optical properties
We have also calculated the optical properties of ι-Al 2 O 3 in the form of the frequency-dependent dielectric function using the OLCAO method. In this case, an extended basis set was used which consists of one more shell of unoccupied atomic orbitals than the full basis. The calculated optical spectra are shown in Fig. 12 , which displays real (ε 1 (ħω)) and imaginary (ε 2 (ħω)) parts of the dielectric functions. The imaginary part ε 2 (ħω) is calculated first according to the
In the above equation, l and n stand for the occupied and unoccupied states respectively and
are the associated Fermi distribution functions. The calculated ε 2 (ħω) spectrum has quite broadened peak features with the first prominent peak at 10.3 eV followed by the main peak at 11.8 eV. This is in consistent with the result that ι-Al 2 O 3 is a low-density phase with more ionic bonding.
XANES/ELNES spectra
X-ray absorption near-edge structure (XANES) and electron energy loss near-edge structure (ELNES) spectroscopies are powerful characterization techniques for obtaining information about the electron states in the unoccupied CB as related to the bonding environment of a particular atom in a solid. They are usually more sensitive than photoelectron spectroscopy which probes the occupied VB state. Experimentally, it is difficult to obtain the XANES/ELNES spectrum of a specific edge at a particular site for most solids. Most likely, the measured spectrum is the average spectral response over many different sites of the same type of atom. This is not a problem for simple crystals where atomic sites are equivalent. However, in complex crystals with many non-equivalent sites, or for atoms at grain boundaries or at the interfaces of a crystal, it is a great experimental challenge to obtain atom specific spectra for accurate analysis.
One of the main developments of the OLCAO method in recent years has been the ab initio calculation of XANES or ELNES edges using a supercell approach [41, 42] that takes into account the core-hole effect. The supercell-OLCAO method can provide the theoretical spectrum at any atomic site thereby facilitating the interpretation of measured spectra. The steps of the calculation used in the supercell-OLCAO method have been described in detail in ref. 42 Table 3 . XANES calculations were performed on each atom in the sample. The calculated Al-K edge spectra are presented in Fig. 13 . The top panel is the weighted average of the groups presented in the lower panels, which are the average spectrum of the atoms within that group. As can be seen, the Al-K spectra from these groups have similarities and differences.
Spectra from Al oct -A and Al oct -B both have the main double peak at 1580.0 eV, 1582.9 for Al oct -A and at 1580.7 eV, 1582.8 eV for Al oct -B, with the later showing a pre-peak at 1576.9 eV. Al tet -
A is the group with the most ideal tetrahedral coordination for all Al tet and it shows a strong peak at 1579.5 eV whereas Al tet -B and Al tet -C have more distorted local structures and their spectra
show multiple peaks at different locations. When added together, the top panel shows a main peak at 1579.53 eV and a smaller peak at 1582.8 eV that is contributed to from all five groups, and is the spectrum that is expected from the experimental measurement. The results for the calculated O-K edges are presented in Fig. 15 . The spectra from the anions are fundamentally different from those of the cations since they generally contribute much less to the unoccupied CB as can be seen from the PDOS of Fig. 10 . For ι-Al 2 O 3 , the O-K edge spectra from the three groups O-A, O-B, and O-C show discernible differences because of the differences in their local bonding environment as described in Table 3 . When added together, these differences tend to be averaged out and would not be observable in any measured spectra.
There two main features in the averaged spectra (top panel), are a rather broadened main peak at 542.4 eV and another peak at 559.0 eV.
It is instructive to compare the above spectral data for ι-Al 2 O 3 with that of α-Al 2 O 3 [41] and γ-Al 2 O 3 [19] which have less complicated local structures than ι-Al 2 O 3 and which are easier to interpret. However, such details are beyond the scope of this paper.
Summary and Conclusions
Based on the assumption that ι-Al 2 O 3 is a transition alumina which is also the end member of the mullite series that is Si-free, we have constructed a supercell model for its structure using the crystal data of high alumina content mullite. The 240-atom orthorhombic cell is highly disordered with a very low density. The fully relaxed model has its simulated x-ray diffraction pattern in excellent agreement with the measured x-ray diffraction pattern on samples that claim to contain ι-Al 2 O 3 . Using this theoretically constructed model for ι-Al 2 O 3 , we completed a comprehensive ab initio study of its physical and spectroscopic properties. The calculated properties include total electronic energy, phonon dispersion relations and phonon density of states, the elastic coefficients and bulk mechanical properties. In conclusion, we have fully elucidated the structure and properties of ι-alumina, which has evaded full disclosure for a long time. The method and approach used certainly will stimulate investigations on the entire mullite series. As alluded to before, ι-Al 2 O 3 is regarded as an end member of the aluminosilicate solid solution series with the crystal, sillimanite, at the other end.
Mullite is an important ceramic and refractory material with numerous applications yet there are almost no fundamental theoretical investigations of its properties. Our next goal is to carry out a detailed theoretical study of the different stoichiometric mullite phases and to investigate trends related to how the physical properties change between the end members. average spectra of different groups.
